Nagase analbuminemic rats (NARs) were compared to the Sprague-Dawley (SD) stock in a medium-term assay system for hepatocarcinogenesis regarding their susceptibilities to the influence of chemicals on the development of glutathione S-transferase, placental form, positive (GST-P+) foci. Two weeks after initiation with diethylnitrosamine (DEN), the animals were exposed alternatively to 0.06% 3'-methyl-4-dimethylaminoazobenzene (3'-Me-DAB), 50 ppm DEN, 0.25% ethionine, 1% clofibrate, and 1 % butylated hydroxyanisole (BHA) for a 6-wk period. Adequate controls included groups only initiated with DEN or treated with each test compound alone. For evaluation of the modifying potential of the chemicals, indices were generated by using the mean values obtained for number and area of GST-P+ foci after each treatment. Comparison between these indices suggests that S D rats were relatively more sensitive than NARs to the modifying effects of complete carcinogens (3'-Me-DAB and DEN). The strains were similarly susceptible to the promoting influence of ethionine, a nongenotoxic carcinogen. The inhibitory influence of BHA was more intense in NARs, whereas in both strains clofibrate was associated to similarly reduced values for number and area of GST-P+ foci. The degree of susceptibility of each strain to the modifying influence of chemicals on foci development depended on the chemical agent investigated.
INTRODUCTION
Genetic factors exert a strong influence on the development of cancer, and chemical carcinogenesis studies in different rat strains may contribute to the understanding of the potential hazard imposed 69 chemicals to humans (1 , 2,20,25). Mutant animals may provide suitable models to study comparatively the susceptibility of different strains to chemical carcinogenesis. The Nagase analbuminemic rat (NAR) is a Sprague-Dawley (SD)-derived stock characterized by low sem'm albumin and hyperlip-idemia, the analbuminemia being inherited through a single recessive autosomal gene (2 1). Compared to the parental SD rat, the NAR has either a similar (30), lower (9,24), or increased (14,22-24, 31, 32) 4uS'deptibility ty chemical carcinogenesis, which depends on both the chemical agent and the target organ. The various possible mechanisms responsible for these differences were already presented (1 5).
The differences between NARs and SD rats regarding susceptibility to chemical carcinogenesis have been evaluated mainly by comparing groups treated with single chemicals; almost no attempts to distinguish the action of the chemicals in the various stages of carcinogenesis have been made. However, the multistage character of chemical carcinogenesis is well established for several organs in the rat, and implicit in such a concept is that the provision of chemicals in a successive way leads to modifications of the process of carcinogenesis induced by an initial carcinogen (3, 5, 13, 26, 27) . Experimental two-stage (initiation-promotion) protocols for rodent hepatocarcinogenesis have been used for quantitative studies, and this approach seems advantageous to study the modifying capability of chemicals on the promotion stage of carcinogenesis (3, 5, 12, 13, (26) (27) (28) .
In comparison to the NAR strain, the SD stock is much more susceptible to the enhancing influence of 2-acetylaminofluorene (2-AAF) and slightly more susceptible to phenobarbital (PB), when evaluated in a two-stage medium-term assay for hepatocarcinogenesis that uses as an end-point the development of foci of hepatocytes expressing the enzyme glutathione S-transferase, placental form (GST-P) (1). In fact, different chemicals influence differentially the development of these putative preneoplastic foci. For instance, 3'-methyl-4-dimethylaminoazobenzene (3'-Me-DAB), ethionine, and diethylnitrosamine (DEN) exert enhancing influence on foci development whereas butylated hydroxyanisole (BHA) and clofibrate are associated with reduction of number and area of these immunohistochemically detected foci (1 3, 29, 34) . To further evaluate the question of chemical carcinogenesis in NARs, this strain was compared to its parental SD lineage after exposure to these later five chemicals, which have shown differential influence on GST-P+ foci development in the Fischer-344 rat.
MATERIALS AND METHODS
Male, 6-wk-old NARs (Sasaki Institute, Tokyo) and SD rats (Charles River Japan, Kanagawa) were housed in an air-conditioned room with a 12-hr light-dark cycle at 22°C and 60% relative humidity. Food (Oriental MF, Oriental Yeast Co., Tokyo) and tap water were provided ad libitum After 1 wk of acclimation, the animals were allocated basically to 3 groups, as previously proposed (1 3). Group 1 was given a single ip injection of DEN (200 mg/kg body weight dissolved in 0.9% NaCl) to initiate hepato-, carcinogenesis. After 2 wk, exposure to the folloGing concentrations of each one of these chemicals provided through the diet (D) or in the drinking water (W) was commenced and continuously maintained until the end of the experiment: 0.06% 3l-Me-DAB (D), 50 ppm DEN (W), 0.25% ethionine (D), 1% BHA (D), and 1% clofibrate (D). These test chemicals were given at a single dosage level, as established in previous toxicity or carcinogenesis studies or from the literature. These doses were equivalent to or slightly below an estimated maximally toler-ated dose, which induced liver tumors or had tumorpromoting activities in this same assay protocol (12, 13, 26, 35) . Sources'of these agents were as follows: 3'-Me-DAB, DEN, and clofibrate from Tokyo Chemical Industry Co., Ltd. (Tokyo); ethionine from Sigma Chemical Co. (St. Louis, MO); and BHA from Wako Pure Chemical Co. (Osaka). Group 2 was given DEN in the same manner as for group 1 but was not exposed to other chemicals; therefore, within each strain group 2 was used as control for the corresponding groups that were exposed to test chemicals after DEN initiation. Group 3 was injected with 0.9% NaCl ip instead of DEN and then exposed to the test compounds in the same way as for group 1. This later group was used as control for subgroups exposed to test chemicals but not initiated with DEN.
All animals were subjected to */ 3 partial hepatectomy at experimental week 3 and sacrificed at week 8 under ether anesthesia. The livers were excised, and 3 slices-1 each from the cranial caudate, caudate, and right anterior lobe-were fixed in ice-cold acetone. The avidin-biotin-peroxidase complex method was used to determine the location of GST-P in the liver. The numbers and areas of the putative preneoplastic GST-P+ foci over 0.2 mm in diameter were measured using a color video image processor (VIP-2 1 C, Olympus-Ikegami Tsushin Co., Tokyo) (12, 13) . The modifying effects of each test chemical in each strainwere assessed by comparing the mean values registered for GST-P+ foci in each group submitted to the complete sequence of treatments (groups 1A-lE, DEN followed by test chemicals) to the control group (group 2, DEN alone). Group 3 (test chemicals alone) was used to assess the potential of each chemical to induce GST-P+ foci without prior DEN initiation. Statistical analyses wire performed using the Student's t-test, with the level of significance set at P < 0.05.
Comparison between strains regarding the magnitude of the modifying potential of each test chemical on GST-P+ foci number and area was analyzed after generating a "modifying index," as previously described (1):
:.Modifying inpex group 1 mean valuesgroup 3 mean values group 2 mean values Considering this formula, modifying indices should be above or below 1 to indicate, respectively, enhancing (promoting) or inhibitory influences of test chemicals on GST-P+ foci development. In addition, the relationship between initiating and promoting potentials for those chemicals that exerted a promoting influence on foci development 
Groups initiated with DEN, 200 m@g body weight ip and then exposed continuously to the test chemicals during 6 wk. *Test chemicals 3'-Me-DAB, ethionine, BHA, and dofibrate were provided mixed in diet, but DEN was provided in drinking water. 'Only initiated with DEN ip.
* Groups nor initiated with DEN at the beginning of the experiment but continuously exposed to the test chemicals during 6 wk. Statistical analysis between groups within the same strain: significantly different from the group 2 value at ( j ) p < 0.001 and (g) p < 0.002; significantly different from the corresponding group 3 value at (h) p < 0.001 and (i) p < 0.05.
was comparatively analyzed, using the following formula (1):
indications of the magnitude of response of each strain to the treatments, and as such they allow com-Promot ion-ini t iat ion ratio group 1 mean valuesgroup 2 mean values group 3 mean values parisons between strains but do not present measurable variations.
RESULTS Therefore, modifying index and promotion-initiation ratio are parameters generated with the mean values of foci number and area obtained after exposure of each strain to different chemical treatments. In this manner, they are absolute numerical Considering each strain, when provided after initiation by DEN, test chemicals 3'-Me-DAB, ethionine, and DEN induced a significant increase in number (Table I) and area (Table 11 ) of foci in both NARs and SD rats (group 1 vs the respective group 2 val- 
Groups initiated with DEN, 200 mgkg body weight ip and then exposed continuously to the test chemicals during 6 wk. Test chemicals 3'-Me-DAB. ethionine, BHA, and clofibrate were provided mixed in diet. but DEN was provided in drinking water.
'Only initiated with DEN ip. Groups not initiated with DEN at the beginning of the experiment but continuously exposed to the test chemicals during 6 wk. ues). While BHA was effective in reducing significantly both the number and area of preneoplastic lesions in NARs (group ID), clofibrate was associated only with a significant decrease of foci number (group 1E) in both strains. No GST-P+ foci were observed in NARs and SD rats treated with BHA or clofibrate without prior DEN initiation (groups 3Dand 3E). In contrast, 3'-Me-DABY ethionine, and DEN alone (groups 3A-3C) irregularly induced the development of GST-P+ lesions in both strains after 6 wk of continuous exposure.
Comparisons between the corresponding groups of each strain indicate that NARs seem to be more susceptible than SD rats to DEN initiation because they develop more and larger foci (NAR vs SD group 2). However, after completion of a 6-wk exposure to test chemicals 3I-Me-DAB and DEN, respectively, through diet and drinking water, SD rats developed more foci that occupied a larger area than in NARs (respectively, groups 1A and 1C). Under ethionine, SD rats developed fewer foci that occupied a smaller area than those registered in NARs (group 1B). No differences between strains were registered regarding the influence of BHA and clofibrate on number and area of foci (groups 1D and 1E; respectively).
The modifying influences exerted by test chemicals in each strain are presented as numerical indices.. in Table 111 . In SD rats, the indices registered for 3'-Me-DAB and DEN were approximately 24 and 30 for number and 187 and 113 for area of GST-P+ foci, respectively. In NARs, these values were smaller and corresponded approximately to 10 and 5 for number and 24 and 8 for area of preneoplastic lesions. The promoting influence of ethionine was at the same magnitude irrespective of the rat strain analyzed: the enhancement factors were around 7-8 for number and around 10 for area of foci. The indices for BHA and clofibrate were always below 1 in both strains, pointing to an apparently inhibitory effect of these chemicals on GST-P+ foci development.
Table IV presents the numerical relationship between the promoting and the initiating potencies (promotion-initiation ratio) for 3'-Me-DABY ethionine, and DEN. There was a trend for the genotoxic hepatocarcinogens 3I-Me-DAB and DEN to present smaller promotion-initiation ratios than the nongenotoxic carcinogen ethionine. Ethionine was generally associated with high promotion-initiation ratios, in correspondence to its weak initiating potential, as documented by low values for foci number and area in group 3B (Tables I and 11 ).
DISCUSSION
To evaluate the modifying influence of a chemical on the development of altered foci of hepatocytes, the general procedure has been to administer a genotoxic hepatocarcinogen first and then to give the test agent to determine whether or not it alters the number dnd area of the foci (3, 5, 12, 13, 27) . In the present study, test chemicals were considered to have a promoting or inhibitory influence according to their enhanced or inhibited foci development, respectively, i.e., modified the number and area of foci, in spite of the mechanisms involved. In each strain of rats studied here, the test chemicals exerted influences similar to those registered in previous studies that used the Fischer-344 rat strain and the same assay protocol (1 2, 13, 26, 34): 3'-Me-DABY ethionine, and DEN enhanced whereas BHA and clofibrate inhibited the number and area of DENinitiated GST-P+ foci (Tables I and 11 ). This indicates a consistent influence of these chemicals on foci development across rat lineages.
There are different methods to determine the relative potencies of chemicals as initiators and promoters of altered foci of hepatocytes. The assay protocol adopted (1, 12, 13, 26) in the present study has the particularity of using 3 simultaneous groups ofanimals treated under the same experimental conditions: the main test group (group I), submitted to the complete initiating agent-test chemical sequence, and 2 control groups, one (group 2) to register the initiating activity of DEN and the other (group 3) to verify whether or not the test chemical has the capability of inducing foci if administered without previous initiation. The modifying potency of the test chemical on foci development was performed by calculation of numerical relationship among the mean values of number and area of foci registered in these 3 groups after completion of the experiment. Assuming that foci have a very irregular tridimensional morphology (1 l), it is difficult, in histological sections, to differentiate between single foci, which allows one to quantitate the number of foci, and extensions of the same focus; i.e., transections of large irregular foci may be registered as isolated discrete foci. To overcome these difficulties, some authors have used the volume fraction of the liver occupied by altered foci of hepatocytes to quantify chemical influences on these preneoplastic lesions (27, 28) . In the present study, however, number and area of foci were assumed to be complementary ways of indicating what fraction ofthe liver was occupied by altered hepatocytes susceptible to modifying influences by a test chemical. Taken together, the indices generated by mean number and area of foci indicate that SD rats are more susceptible than NARs to the promoting influence of 3'-Me-DAB and DEN, whereas both respond at almost similar magnitude to the promoting influence of ethionine (Table 111 ). Since the two former carcinogens are genotoxic, these results suggest that SD rats are more sensitive than NARs to the effects of continued administration of complete carcinogens. The significantly higher values for foci number and area observed in NARs promoted with ethionine when compared to SD rats (Tables I and 11 , group 1B) probably reflect the ab initio higher mean values registered in this strain after initiation with DEN (group 2). These observations point also to the importance of using external control groups in assessing promoting potentials of chemicals: Tables I and  I1 show that in both strains ethionine alone does present a weak and irregular initiating activity after a 6-wk continuous exposure (group 3B) but exerts a considerable promoting influence if DEN initiation is performed (group IB). In a previous report, the promotion indices for PB in SD rats were at most 1.5-fold higher than those registered in NARs, whereas they were 2.3-fold higher when the genotoxic carcinogen 2-AAF was considered (1). Because ethionine is a weak nongenotoxic hepatocarcinogen (17) , these results suggest that the susceptibility of SD rats to hepatopromotion is more pronounced than in NARs for complqe carcinogens but not for chemicals like PB and ethionine.
For both genotoxic and nongenotoxic carcinogens, variation in the target organ cell proliferation rate is an important phenomenon in carcinogenesis (4, 34) . There is a relationship between the proliferative potential of the foci and the expression of drug-metabolizing enzymes in such a way that a decrease in the monooxygenase activity with increased levels of detoxifying enzymes may allow foci cells to escape from a toxic environment, leading to a selective increase in their proliferative potential (7). Previously it was registered that foci cells in SD rats do not show induction of the cytochrome P-450 system by 2-AAFY but that system was clearly induced in NAR foci, suggesting that in less susceptible strains 2-AAF causes toxic effects in the foci, leading to a growth rate lower than that in the lesions of more susceptible strains (2) . Also, a strong induction of cytochrome P-450 by PB treatment was verified at similar intensity in every strain studied. These results suggest that cytochrome P-450 plays a major role in determining the response to hepatopromoting agents and that strain differences may exist in the regulating system of P-450 encoding structural genes (2) .
Some particularities of the NAR strain have also been used to explain its differential susceptibility to the carcinogenic potential o f chemicals. The high susceptibility of NAR to bladder carcinogenesis by N-butyl-N-(4-hydroxybutyl)nitrosmine (BBN) (14, 25) and its resistance to N-[4-(5-nitro-2-fury1)-2thiazolyll-formamide (FANFT) (9) were explained, respectively, by the altered permeability ofepithelial cell membrane seen in analbuminemic rats, which allows increased transportation of BBN metabolites from urine io bladder tissues (33) , and by an impaired transportation of FANFT and/or its metabolite(s) by serum albumin, lacking in NARs (1 5,2 1). Actually, very few hepatocytes in this strain are able to synthesize albumin (1 8), a character related to the genomic alteration leading to analbuminemia (2 1). Although these albumin-positive cells are not relatcd$o hepatocarcinogenesis, their number and the serum albumih levels increase with aging and, in a dramatic fashion, on administration of 3'-Me-DAB and 2-AAF, but not on continuous exposure to DEN (18) . Accordingly, in the present study the smaller modifying indices seen for DEN in NARs in comparison to SD rats (Table 111) suggest that hepatocytes in this lineage in fact are relatively resistant to the promoting effects due to continuous exposure to this agent. The large differences among the promotion-initiation ratios for 3'-Me-DABY ethionine, and DEN (Table IV) probably reflect the different mechanisms that underly the enhancing influence of these chemicals on DEN-initiated lesions. Since 3'-Me-DAB forms bulky adducts with DNA and other critical macromolecules (1 9), DEN is an ethylating agent (6), and ethionine possibly exerts its carcinogenicity by inducing hypomethylation of DNA (1 6), the differences between the strains should be better explained by further studies on pharmacokinetic pathways, metabolic activation, DNA damage and repair, and eventual cell toxicity and cell proliferation characteristically associated with each chemical agent.
The indices also point to an inhibitory influence of the antioxidant BHA on the development of DENinitiated foci (Table 111 ). This is in accordance with previous reports on inhibition by BHA of chemically induced gamma-glutamyl-transpeptidase (GGT)-positive and GST-P+ foci in the rat liver (13, 34) and seems to be partially related to preferential growth of surrounding hepatocytes after partial hepatectomy (34) . The inhibitory influence was more intense in NARs, which were less sensitive to hepatopromotion by genotoxic chemicals, pointing to an inverse relationship between susceptibility to hepatopromotion and susceptibility to chemical inhibitors of hepatocarcinogenesis.
Although GST-P is the phenotype marker exhibiting the greatest efficiency for scoring the largest number of altered foci (5, cf. 27), hepatocarcinomas induced by peroxisome proliferators such as clofibrate are preceded by foci lesions, as indicated by routine hematoxylin and eosin, adenosine triphosphatase, or glucose-6-phosphatase procedures but are mostly negative under (immuno)histochemical GGT and GST-P stainings (5,8,10). Clofibrate possibly alters the phenotypic expression of GST-P+ foci, turning them GST-P- (10) . This is in line with observations of the absence of GGT, GST-P, and a-fetoprotein messenger RNAs in liver tumors induced by peroxisome proliferators (29) and is ultimately expressed by diminished values for number and area ofGST-P+ foci under clofibrate treatment. In the present study, this effect occurred at almost the same magnitude in both strains analyzed, pointing to strain similarity regarding this aspect. :
In summary, the present data indicate that the b u strain is relatively more sensitive than NARs to the modifying effects of complete carcinogens (3'-Me-DAB and DEN) but similarly susceptible to ethionine, a weak nongenotoxic carcinogen. The magnitude of the inhibitory influence of chemicals like BHA on GST-P+ foci development seems to be inverse to the strain susceptibility to promotion by genotoxic agents. Therefore, the degree of susceptibility of each strain of rats to the modifying influence of chemicals on GST-P+ foci development is dependent on the characteristics of the chemical agent investigated,
